Type-II InGaN-GaNAs quantum wells ͑QWs͒ with thin dilute-As ͑ϳ3%͒ GaNAs layer are analyzed self-consistently as improved III-nitride gain media for diode lasers. The band structure is calculated by using a six-band k · p formalism, taking into account valence band mixing, strain effect, spontaneous and piezoelectric polarizations, as well as the carrier screening effect. The type-II InGaN-GaNAs QW structure allows large electron-hole wave function overlap by confining the hole wave function in the GaNAs layer of the QW. The findings based on self-consistent analysis indicate that type-II InGaN-GaNAs QW active region results in superior performance for laser diodes, in comparison to that of conventional InGaN QW. Both the spontaneous emission radiative recombination rate and optical gain of type-II InGaN-GaNAs QW structure are significantly enhanced. Reduction in the threshold current density of InGaN-GaNAs QW lasers is also predicted.
I. INTRODUCTION
Low-threshold diode lasers and high-efficiency light emitting diodes ͑LEDs͒ based on III-nitride semiconductor are of great interest for applications in medical diagnostics, optical storage, full color display, and solid state lighting. [1] [2] [3] In III-nitride semiconductor material systems, there are several major challenges that prevent high performance conventional InGaN quantum well ͑QW͒ LEDs and lasers, as follows: ͑1͒ high strain misfit result from the lattice mismatch between the InGaN QW and GaN barriers, ͑2͒ large phase separation in high In-content InGaN QW, and ͑3͒ charge separation due to the existence of the built-in electric field inside the QW. The built-in electric field in the InGaN-based QW is a result of the existence of both spontaneous and piezoelectric polarization fields in the c-plane nitride material systems. The electrostatic field in the QW leads to the spatial charge separation of the electron and hole wave functions, which reduces the transition matrix element of the QW. The reduced electron-hole wave function overlap ͑⌫ e_hh ͒ as a result of the polarization fields inside the InGaN QW leads to a significant reduction in the radiative recombination rate and optical gain of the conventional InGaN QW. The limitations in the InGaN QW active regions lead to a high threshold current density in the state-of-the-art nitride-based diode lasers. As the In content in the QW is increased to extend the emission wavelength, the threshold current density will increase significantly in particular for diode lasers emitting in the blue-green regime ͑J th ϳ 1.5 kA/ cm 2 for ϳ 425 nm and J th ϳ 6 kA/ cm 2 for ϳ 482 nm͒. 4 Recently, several approaches have been attempted to reduce the charge separation effect by implementing the following: ͑1͒ the growth of nonpolar ͑1120͒ InGaN QW, 5 ͑2͒
␦-AlGaN layer in the InGaN QW, 6 ,7 ͑3͒ staggered InGaN QW structure, [8] [9] [10] ͑4͒ strain-compensated InGaN-AlGaN QW, [11] [12] [13] and ͑5͒ type-II InGaN-GaNAs QW. 14 The approaches based on these QW designs with improved electron-hole wave function overlap ͑⌫ e_hh ͒ enable the enhancement in the radiative efficiency of the InGaN-based QW and output power of LED devices. [5] [6] [7] [8] [9] [10] 13 The concept of type-II 'W' QW active region was first proposed and demonstrated by Meyer and co-workers 15 14 by confining the hole wave function in the dilute-As GaNAs QW layer. However, the analysis presented in Ref. 14 did not take into account the carrier screening effect, which could lead to an underestimation of the optical gain for the nitride QW active regions. In this paper, we present the self-consistent analysis of type-II InGaN-GaNAs QW active region for diode lasers applications. The energy dispersion relation of the band structure is calculated based on a six-band k · p formalism for wurtzite semiconductor, 21 which takes into account the strain effect, valence band mixing, polarization fields, and the carrier screening effect. In this work, we analyzed and compared both the spontaneous emission and optical gain characteristics of type-II InGaN-GaNAs QW and conventional type-I InGaN QW active regions for lasers applications, taking into account the carrier screening effect by using the self-consistent model. In our studies, both active regions were designed for diode lasers to emit at an emission wavelength of lasing ϳ 460 nm. Threshold analyses for both ac-tive regions were also compared to investigate the feasibility of the implementation of type-II InGaN-GaNAs QW as the active region for visible nitride laser diodes. Fig. 1͑b͒ . By utilizing the type-II QW structure, the hole wave function is pushed to the GaNAs layer of the QW active layer, which leads to higher electron-hole wave functions overlap as compared to the type-I InGaN QW. Both the type-I and type-II structures are designed to emit at the same wavelength for laser applications ͓ peak ϳ 460 nm at nearthreshold condition, n th ϳ͑2.4-3.8͒ ϫ 10 19 cm −3 ͔. Our studies indicate that the carrier screening effect should be taken into account when the carrier density ͑n͒ is above ϳ1 ϫ 10 19 cm −3 , 13 which is important for laser applications. As shown in Figs. 1͑a͒ and 1͑b͒ , the consideration of carrier screening effect leads to the flattening of the band lineups. Due to the improved hole confinement in the dilute-As GaNAs layer in the type-II QW structure, its electron-hole wave function overlap is expected to increase. In the type-II QW structure shown in Fig. 1͑b͒ , the electron-hole wave function overlap ͑⌫ e_hh ͒ is calculated as 57.63%, which is improved by 2.09 times of that of conventional InGaN QW ͓⌫ e_hh = 27.48%, Fig. 1͑a͔͒ . The improved electron-hole wave function overlap ͑⌫ e_hh ͒ in type-II QW active region will lead to a significantly improved transition matrix element, which is proportional to ͉⌫ e_hh ͉ 2 . It is important to note that the proposed type-II QW structure employ thin ͑1 nm͒ GaNAs layer with low As content ͑AsϽ 5%͒. The growth in single-phase wurtzite GaNAs alloy had been recently demonstrated by metal-organic chemical vapor deposition by Kimura et al. 22 Recent studies by Wu et al. 23 show that the incorporation of dilute As into the GaN alloy shows hybridization of the localized As states and the GaN valence band. The valence band hybridization in GaNAs leads to a formation of a new valence band with transitional gap of the N-rich GaNAs lying between 2.5 and 2.7 eV, 23 which also in turn leads to an increase in the valence band offset in dilute-As GaNAs/GaN heterojunction.
II. CONCEPT OF TYPE-II INGAN-GANAS QWS
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III. THEORETICAL AND NUMERICAL FORMULATION OF SELF-CONSISTENT MODEL
The calculation of the band structure is based on a sixband k · p formalism for wurtzite semiconductors, 21, 24 without considering the coupling between the conduction band and valence band. This assumption is reasonable as the coupling between the conduction and valence bands are minimal for the case of wide band gap semiconductor systems. 21, 24 The numerical model takes into account the valence band mixing, the strain effect, and the spontaneous and piezoelectric polarizations, 25 as well as the carrier screening effect. 13 Schrodinger's and Poisson's equations are calculated iteratively until the eigenenergy converges. The calculation of the spontaneous emission rate takes into account both the TE and TM polarizations. The optical gain is calculated for TE polarization due to the negligibility of the optical gain for TM polarization. The details of the self-consistent numerical model for InGaN-based QW active regions employing sixband k · p formalism are presented in Ref. 13 . The material parameters of the wurtzite III-nitride semiconductor used in the band structure calculations are obtained from Refs. 26-31. These parameters are shown in Table I . The material parameters of the ternary alloys use the linear interpolation of that of the binary InN and GaN, except for the energy band gap of InGaN alloys. In our analysis, the energy band gap of In x Ga 1−x N alloy is computed by employing bowing parameter of 1.4 eV ͑Refs. 27 and 29͒ and InN energy gap of 0.6405 eV. 27, 29 In developing the valence band hybridization model of N-rich GaNAs alloy, a flat conduction band alignment was assumed between GaN and GaNAs similar to the finding in Ref. 23 . The energy band gap of the dilute-As GaN 1−y As y alloy can be obtained from linear extrapolation of the experimental data shown in Ref. 23 for low As content ͑y͒ up to 6.7%, as follows ͑in eV͒: E g_GaNAs ͑y͒ = − 4.565y + 2.7978 ͑for 0 Ͻ y Ͻ 0.067͒.
͑1͒
The finite difference method is used to solve the Schrödinger equations for semiconductor heterostructure/nanostructure. 13, 21 The step size for the finite difference method is 1 Å. The carrier distribution in the QW will influence the band-edge potential, and vice versa. Therefore, to take into account the carrier screening effect, both the band-edge potential and carrier distribution in the QW have to be solved self-consistently based on the Poisson equation. The convergence condition in this calculation is set such as the tolerance of the eigenenergy is less than 0.1%, which requires 10-15 iterations for each carrier density.
IV. MOMENTUM MATRIX ELEMENTS CHARACTERISTICS OF TYPE-II INGAN-GANAS QW
Figures 2͑a͒ and 2͑b͒ show the square of momentum matrix elements for TE-polarization transitions as a function of in-plane wave vector ͑k t ͒ for both type-I InGaN QW and type-II InGaN-GaNAs QW, respectively. The square of the transition matrix elements for C1-HH1, C1-LH1, C1-HH2, C1-LH2, C2-HH1, C2-LH1, C2-HH2, and C2-LH2 transitions are compared at a carrier density of n =3ϫ 10 19 cm −3 . From Figs. 2͑a͒ and 2͑b͒, the C-HH and C-LH momentum matrix elements are similar at the zone center ͑k t =0͒. However, as the increase in the wave vector, the momentum matrix elements of C-HH and C-LH transitions diverge. Note that the momentum matrix elements for C1-HH1 and C1-LH1, which are the transitions that dominantly contribute to spontaneous emission rate ͑R sp ͒, are improved for type-II QW as compared to those of type-I QW.
The square of momentum matrix elements at the zone center ͑k t =0͒ as a function of the carrier density for type-I and type-II QWs are shown in Figs. 3͑a͒ and 3͑b͒. Note that the momentum matrix elements for C-HH and C-LH with the same quantum number are similar for each carrier density at the zone center ͑k t =0͒. For both type-I and type-II QWs, the matrix elements for C1-HH1, C1-LH1, C1-HH2, and C1-LH2 increase as the carrier density increases. However, the matrix elements for C2-HH1, C2-LH1, C2-HH2, and C2-LH2 are relatively unchanged, as the carrier density increases. The matrix elements for C1-HH1 and C1-LH1 transitions in type-II QW are much higher than those of the type-I QW, which are the main factors leading to the significant improvement in the spontaneous emission rate and optical gain for type-II QW. 
V. SPONTANEOUS EMISSION CHARACTERISTICS OF TYPE-II INGAN-GANAS QW
The room-temperature spontaneous emission spectra of the type-I In 0.24 Ga 0.76 N -GaN QW and type-II In 0.15 Ga 0.85 N -GaN 0.97 As 0.03 QW structures were calculated and compared for carrier density ͑n͒ from 1 ϫ 10 19 up to 5 ϫ 10 19 cm −3 at T = 300 K, as shown in Fig. 4 . Note that the spontaneous emission spectra were calculated taking into consideration the carrier screening effect from the selfconsistent model. The consideration of carrier screening effect is important for the carrier density above 1 ϫ 10 19 cm −3 . 9, 13 As shown in Fig. 4 , both the type-I and type-II QW structures show a blueshift of the peak of spontaneous emission spectra as the carrier density increases, primarily due to the carrier screening effect ͑for n Ͼ 1 ϫ 10 19 cm −3 ͒. As the carrier density in the QW is increased, stronger blueshift in the peak emission wavelength is observed for the type-I InGaN QW structure resulting in shift from = 480 nm ͑n =1ϫ 10 19 The spontaneous emission rate per unit volume R sp ͑s −1 cm −3 ͒ can be obtained by integrating the spontaneous emission spectra ͑Fig. 4͒ over the entire frequency region. The radiative current density ͑J rad ͒ can be obtained from the spontaneous emission recombination rate as follows:
The comparison of the radiative current density ͑J rad ͒ for both type-II InGaN-GaNAs QW and conventional type-I InGaN QW is shown in Fig. 5 . The use of type-II QW active region shows a significant enhancement in the radiative current density, which is consistent with the larger radiative recombination rate in the type-II QW structure. At carrier density n =4ϫ 10 19 cm −3 , the radiative current density for type-II is computed as J rad = 253.7 A / cm 2 , which is 133.6% larger than that ͑J rad = 108.6 A / cm 2 ͒ of conventional type-I InGaN QW.
VI. OPTICAL GAIN AND DIFFERENTIAL GAIN OF TYPE-II INGAN-GANAS QW
The optical gain spectra were calculated self-consistently for both the type-I InGaN QW structure and the type-II InGaN-GaNAs QW structure with carrier density ͑n͒ rang- ing from 2 ϫ 10 19 up to 5 ϫ 10 19 cm −3 at T = 300 K, as shown in Fig. 6 . From our studies, the type-II InGaNGaNAs QW structure exhibits improvement in optical gain in comparison to that of the type-I InGaN QW structure. Note that both QWs were designed as active regions for diode lasers with emission wavelength at ϳ 460 nm, for near-threshold condition ͓n th ϳ͑2.4-3.8͒ ϫ 10 19 cm −3 ͔. 19 cm −3 is slightly higher than that of the type-II QW of n tr ϳ 1.3ϫ 10 19 cm −3 . The peak gain for the type-II InGaNGaNAs QW is increased significantly as a result of its improved transition matrix element. At carrier density n =4 ϫ 10 19 cm −3 , the peak gain ͑g p ͒ for the type-II InGaNGaNAs QW is found as 3062.4 cm −1 , which is a 1.85 times improvement as compared to that ͑g p = 1657.5 cm −1 ͒ of the type-I InGaN QW.
The comparison of the differential gain ͑dg / dn͒ of both type-I and type-II QW is shown in Fig. 8 , for carrier densities up to n =5ϫ 10 19 cm −3 . From our studies, the differential gain ͑dg / dn͒ for the type-II InGaN-GaNAs QW is found as larger than that of the type-I InGaN QW for all carrier density regimes. Note that the trend of the differential gain for type-II InGaN-GaNAs QW is different from that of the type-I InGaN QW. Near the transparency carrier density, the differential gain for the type-II QW increases to a maximum value ͑dg / dn = 14.5ϫ 10 −17 cm 2 ͒ at carrier density n = 1.86 ϫ 10 19 cm −3 . Beyond the peak dg / dn condition, the differential gain of the type-II QW decreases gradually. For the case of type-I InGaN QW, the differential gain increases slowly near the transparency, and then reaches a stable value of ͑7.1-7.4͒ ϫ 10 −17 cm 2 for a carrier density range of n = ͑2.5-3.5͒ ϫ 10 19 cm −3 . The observed improvement in the optical gain and differential gain in the type-II InGaNGaNAs QW is important in particular to achieve low threshold carrier density in laser diode operation. The use of type-II InGaN-GaNAs QW active region will lead to a significant reduction in the threshold carrier density to achieve a low threshold carrier density ͑n th ͒, which in turn leads to a suppression in the nonradiative recombination current density.
VII. THRESHOLD ANALYSIS OF TYPE-II INGAN-GANAS QW LASERS
To evaluate the feasibility of the type-II In 0. 15 the conventional type-I InGaN QW emitting at the same wavelength, we employed a single QW active region in a nitride-based laser structure similar to the structure fabricated in Ref. 32 . The optical confinement factor ͑⌫ opt ͒ and internal loss ͑␣ i ͒ for this structure are 0.01 and 10.15 cm −1 , respectively. By using the cavity length of 650 m and end facet reflectivity of 95%/56% ͑corresponding to mirror loss ␣ m = 4.85 cm −1 ͒, 32 the calculated threshold gain ͑g th ͒ for laser application is ϳ1500 cm −1 . Attributing to the higher differential gain ͑dg / dn͒ and lower transparency carrier density ͑n tr ͒ in type-II QW, the threshold carrier density of type-II InGaN-GaNAs QW is considerably lower than that of conventional type-I InGaN QW. The threshold carrier density for the type-II QW is 2.4ϫ 10 19 cm −3 , which shows a 36.8% reduction as compared to that ͑3.8ϫ 10 19 cm −3 ͒ of the type-I QW. Note that for the nonradiative recombination current density, we only consider the monomolecular recombination current density ͑J mono = A n͒, where A is the monomolecular recombination constant. For wide band gap material system, the Auger recombination process is negligible due to the small value of the Auger recombination rate ͓C Auger = ͑0.9-1͒ ϫ 10 −32 cm 6 / s͔. 33 The reduced threshold carrier density is important to suppress the nonradiative current density ͑J nonrad ͒, and then reduce the total threshold current density ͑J tot = J rad + J nonrad ͒. Figure 9 shows the optical gain versus the threshold current density for both type-I and type-II InGaN QWs with three different monomolecular recombination constants, 34 as follows: A =1ϫ 10 9 s −1 , A = 1.5ϫ 10 9 s −1 , and A =2 ϫ 10 9 s −1 . The comparison for the threshold current densities for three different monomolecular coefficients is shown in Table II . By using the type-II QW structure, the threshold current density is reduced by ϳ20%. The reduced J th for the type-II InGaN QW is a consequence of the higher electronhole wave function overlap leading to reduced threshold carrier density, which in turn leads to the suppression in nonradiative recombination current density. The type-II QW has the potential to be applied to laser structure with low transparency and threshold carrier densities, high optical gain and differential gain, and low threshold current density.
In our threshold analysis here, we have neglected the contribution of Auger recombination current density ͑J mono = C Auger n 3 ͒ due to the small theoretical Auger coefficient ͓C Auger = ͑0.9-1͒ ϫ 10 −32 cm 6 / s͔ ͑Ref. 33͒ in the large band gap InGaN material system. However, it is important to note that recent reports by Shen et al. 35 indicated that Auger recombination coefficient ͑C Auger ͒ in InGaN / GaN QW system as ͑1.4-2͒ ϫ 10 −30 cm 6 / s, 35 which is approximately two orders of magnitude larger than the theoretical value. Further studies are still required to clarify the inconsistencies in the reported Auger coefficients in InGaN QW system. 33, 35 If Auger recombination is taken into consideration, then the nonradiative current density is composed of two parts ͑J non = J mono + J Auger ͒, which are monomolecular recombination current density ͑J mono = A n͒, and Auger recombination current density ͑J Auger = C Auger n 3 ͒. Therefore, a significant reduction in the threshold carrier density ͑n th ͒ by using the type-II InGaN-GaNAs QW will be crucial for suppressing the J Auger . By utilizing the type-II InGaN-GaNAs QW, the Auger recombination current will be reduced by ϳ74.8% as compared to the conventional InGaN QW.
VIII. SUMMARY
In summary, type-II In 0.15 Ga 0.85 N -GaN 0.97 As 0.03 QW was analyzed self-consistently as improved gain media for nitride-based diode lasers emitting at ϳ 460 nm. The energy dispersion relations were calculated using a selfconsistent six-band k · p formalism, taking into account the valence band mixing, strain effect, polarization fields, and carrier screening effects. Attributing to the improved matrix element of the type-II InGaN-GaNAs QW, its spontaneous emission and optical gain indicate significant improvements in comparison to that of conventional InGaN QW. The differential gain of the type-II InGaN-GaNAs QW is also improved, while its transparency carrier density is reduced by 15.4%. The optical gain of the type-II InGaN-GaNAs QW is improved by approximately 2 times over that of the conventional InGaN QW, resulting in a reduction in threshold carrier density and threshold current density by ϳ36.8% and 20%, respectively. Thus, the use of type-II InGaN-GaNAs QW as active region can be advantageous for achieving low threshold diode lasers and high-efficiency nitride-based LEDs. 
